The region of northern Borneo is home to the current state of Sabah, Malaysia. It is located closest to the southern Philippine islands and may have served as a viaduct for ancient human migration onto or off of Borneo Island. In this study, five indigenous ethnic groups from Sabah were subjected to genome-wide SNP genotyping. These individuals represent the "North Borneo"-speaking group of the great Austronesian family. They have traditionally resided in the inland region of Sabah. The dataset was merged with public datasets, and the genetic relatedness of these groups to neighboring populations from the islands of Southeast Asia, mainland Southeast Asia and southern China was inferred. Genetic structure analysis revealed that these 216
INTRODUCTION
The island of Borneo is replete with multiple ethnic groups characterized by diverse languages and cultures as well as high genetic diversity, across the three countries that share the island: Brunei, Indonesia, and Malaysia. It is a unique island that is isolated from the mainland of Southeast Asia yet is part of the Sunda continental shelf. Sea level rise during the last glacial maximum flooded the savanna corridor, which might have served as a route of dispersal for modern humans to this region (Bird, Taylor, & Hunt, 2005) . This flooding also resulted in refugial rainforests, where many fauna and flora native to the island flourished (Cannon, Morley, & Bush, 2009) .
The northern region of Borneo, historically known as North Borneo, is currently home to the state of Sabah, Malaysia. Northern Borneo is located nearest to the South Philippine Islands and might have served as a viaduct for human migration event(s) such as ''Out of Taiwan" toward the archipelago of Southeast Asia (i.e., the Philippines, Borneo, Indonesia, and Papua New Guinea) (Jinam et al., 2012a; Lipson et al., 2014; Mӧrseburg et al., 2016; Tabbada et al., 2010) . This north-to-south direction of migration has been questioned, and a south-to-north migration from the islands of Southeast Asia toward mainland Southeast Asia (e.g., Thailand and Cambodia) and southern China has been proposed (The HUGO Pan-Asian SNP Consortium, 2009). The "Out of Taiwan" hypothesis has been debated, despite the fact that it was derived from multidisciplinary data (as discussed by Denham & Donohue, 2012) . Nevertheless, it is commonly accepted that Southeast Asia was initially populated by the Austro-Melanesians (Barker et al., 2007; Détroit et al., 2004; Matsumura & Pookajorn, 2005) . Subsequent Neolithic dispersals from mainland Southeast Asia or Taiwan left traces of genetic admixture in the extant populations in Southeast Asia (The HUGO Pan-Asian SNP Consortium, 2009; Delfin et al., 2011; Rasmussen et al., 2011; Lipson et al., 2014; Matsumura & Oxenham, 2014; Brandāo et al., 2016; Soares et al., 2016; Corny et al., 2017; Wall, 2017) .
Similarly, archaeological findings have shown that Borneo Island was initially populated by Austro-Melanesians (Abdullah, 2005; Barker et al., 2007) . However, the genetic relatedness of the extant populations in northern Borneo to AustroMelanesians and other neighboring populations in Southeast Asia remains unclear. Previous population genetic studies using genome-wide single nucleotide polymorphisms (SNPs) have often involved sparse sampling from Borneo Island. In addition to the Iban and Bidayuh ethnic groups from Sarawak, the Dayak, Lebbo and an unnamed population from Kalimantan, and the Dusun and Murut from Brunei, no representative ethnic groups from northern Borneo have been reported (Li et al., 2008b; Mallick et al., 2016; Mӧrseburg et al., 2016; Pagani et al., 2016 Pierron et al., 2014 ; The HUGO Pan-Asian Wollstein et al., 2010; Xing et al., 2009) . The lack of genetic data from northern Borneo (Sabah) represents a void in our understanding of the migration history of the archipelago.
Sabah is home to more than 40 ethnic groups, including 32 indigenous Austronesian groups (King & King, 1984) . Linguistic studies summarized by Lewis, Simons, and Fenning (2015) revealed that the "North Borneo" language family, under the great Austronesian superfamily, extends from the southern islands of the Philippines to a vast area of Sabah, reaching the interior regions of Sarawak and Kalimantan. There are three major "North Borneo" language subfamilies within Sabah: Dusunic, Paitanic, and Muritic (Figure 1 ). The Dusunic family is spoken by the major population in the state, who have been officially categorized under the umbrella grouping '"Kadazandusun," based on similarities of sociocultural traditions. This broad categorization has been used in several medical genetics studies (Goh, Chong, Chua, Chuah, & Lee, 2014; Teh et al., 2015) . However, ethnic groups that are similar in culture and language are not always genetically homogenous (Helgason, Yngvadóttir, Hrafnkelsson, Gulcher, & Stefánsson, 2004; The HUGO Pan-Asian SNP Consortium, 2009; Xu et al., 2010) . Disregarding plausible underlying genetic structure among related ethnic groups presents the risk of faulty interpretation of the results of genome-wide association studies of diseases Price et al., 2008; Price, Zaitlen, Reich, & Patterson, 2010) .
We chose to investigate the genetic background of five unique indigenous ethnic groups representing the Dusunic-(Dusun, Rungus, and Sonsogon), Paitanic-(SungaiLingkabau), and Murutic-speaking (Murut-Paluan) groups in northern Borneo. To our knowledge, this study is the first genome-wide SNP genotyping investigation of the indigenous Rungus, Sonsogon, and Sungai-Lingkabau ethnic groups in this region. Analyses of the genetic structure of the Dusun and Murut from Brunei were previously reported by Mӧrseburg et al. (2016) . This study aimed to characterize the genetic structure among the indigenous ethnic groups of northern Borneo and to infer their genetic relatedness to other neighboring populations from islands in Southeast Asia, mainland Southeast Asia, and southern China. This new dataset will be useful for inferring human migration history in this region and for genome-wide association studies of diseases in the future.
MATERIALS AND METHODS

Sample collection and SNP genotyping
Ethical clearance was obtained from the Medical Research Ethics Committee of the Universiti Malaysia Sabah (ref. no.: JKEtika 4/10(3)). Subsequently, approvals were obtained from the District Officers of Ranau, Pitas, Kota Marudu and Nabawan for collecting blood samples from the following indigenous communities: Dusun (Dusunic), Rungus (Dusunic), Sonsogon (Dusunic), Sungai-Lingkabau (Paitanic), and Murut-Paluan (Murutic) (Figure 1 ). Prior to any sampling activity, approval was also obtained from the respective village chiefs and chairpersons of the Committee for Village Development and Security. Informed consent forms were then signed by healthy volunteers. Finally, 10 mL of peripheral blood was collected and stored in tubes containing acid citrate dextrose as an anticoagulant.
A total of 117 samples from five indigenous ethnic groups were obtained (Dusun n = 21, Rungus n = 22, Sonsogon n = 24, Sungai-Lingkabau n = 28, and Murut-Paluan n = 22). Genomic DNA was isolated from whole blood or buffy coat using the DNeasy Blood and Tissue kit (Qiagen). Next, 200 ng of intact genomic DNA was used for genotyping with Illumina's Human Omni2.5 bead chip array, containing 2,379,855 genome-wide SNP markers, as described by the manufacturer's protocol.
Quality assessment of data
Calling of SNP genotypes was performed in Genome Studio (Illumina) with the default GenCall score of 0.15. The orientation of each SNP was then flipped to the positive strand with respect to the reference genome, in accordance to the information available in the manifest file provided by the manufacturer. Sample quality assessment was then conducted to exclude samples (i) exhibiting a <98% call rate, (ii) showing discrepancies in reported sex, or (iii) coming from first-degree relatives (Aghakhanian et al., 2015) , as determined with the program KING (Manichaikul et al., 2010) . Next, principal component analysis (smartPCA) was conducted using the EIGEN 6.0 package (Patterson, Price, & Reich, 2006) to identify individuals who might be admixed within these five ethnic groups.
A total of 98 individuals (Dusun n = 20, Rungus n = 20, Sonsogon n = 19, Sungai-Lingkabau n = 19, and Murut-Paluan n = 20) were retained for subsequent quality assessment. SNPs that (i) exhibited >5% uncalled genotypes, (ii) deviated from Hardy-Weinberg equilibrium (P-value < 2.14 × 10 −8 after Bonferroni correction), or (iii) were not located on autosomes were removed. After these steps, a total of 2,274,632 SNPs were retained. The quality assessment steps described above were conducted using PLINK (Purcell et al., 2007) .
Analysis of genetic relatedness with neighboring populations i) Merging public datasets
This new dataset, referred to as the Northern Bornean dataset, was then merged with four public datasets: HapMap (YRI, CEU, GIH, CHB, and JPT only), the Human Genome Diversity Project (HGDP, selected continental populations), the Singapore Genome Variation Project (SGVP), and the HUGO Pan-Asian SNP Consortium (PASNP) (Rosenberg, 2006; Teo et al., 2009; The International HapMap 3 Consortium, 2010; Yang et al., 2011) . This merged dataset consisted of 1669 individuals from 89 worldwide populations (Table S1 ) and was further subdivided into 57 regional populations originating from only East Asia or Southeast Asia. The Austro-Melanesians were excluded (Table S1 ). Because different genotyping panels from different vendors were employed to generate these datasets, the number of SNPs shared by these merged populations was only 8,945 after SNP quality assessment as described above. Finally, SNPs that were in linkage disequilibrium (r 2 > 0.2) were removed with PLINK, resulting in the retention of 7,634 unlinked SNPs that were used for subsequent analyses.
Inclusion of the PASNP dataset (∼55,000 SNPs) rendered the great reduction of the number of overlapping SNPs. Nevertheless, PASNP dataset is vital to be included in this work, as it provides the most comprehensive representation of Southeast Asian populations (both mainland and insular), in comparison to other newly available datasets such as those from David Reich's lab (Lazaridis et al., 2014 (Lazaridis et al., , 2016 , the Simons Genome Diversity project and the Estonian Biocentre Human Genome Diversity Panel datasets. Since the aim of this work is to infer genetic relationships of Northern Borneans to neighboring populations, inclusion of the PASNP dataset merits the drastic loss of SNPs. Previous works that used approximately 8,000 SNPs showed that the low number of overlapping SNPs is still adequate to resolve the genetic structure of the Austronesians (Lipson et al., 2014; Mӧrseburg et al., 2016; Pierron et al., 2014) . Furthermore, the genetic structure of the Northeast and Southeast Asia populations was also resolved by Jinam et al. (2012b) , who used as little as approximately 4,300 SNPs.
ii) Genetic structure and admixture Population structure and plausible genetic admixture were inferred with smartPCA and ADMIXTURE (Alexander, Novembre, & Lange, 2009) , respectively. For PCA, a dot-plot was drawn using the first and second principal components to infer the genetic clustering among the Northern Borneans and their genetic affiliation with worldwide and regional populations. For ADMIXTURE analysis, the optimum numbers of hypothetical ancestral populations (K) among the worldwide and regional populations were determined via (i) the crossvalidation test (-cv = 10), (ii) inspection of the consistency of each component over ascending K values, and (iii) denial of higher K values that singled out a population (Behar et al., 2010) . Ten independent replicates with different random seeds were performed. The consensus admixture pattern for each individual from the respective populations was then generated with CLUMPAK (Kopelmann et al., 2015) . Finally, selected populations were tested using admixture f 3 statistics, with the "three population test," in the ADMIXTOOLS package (Patterson et al., 2012; Reich et al., 2009) . A population was considered admixed if the Z-score was ← 3 (Raghavan et al., 2014) . Outgroup f 3 statistics were also calculated using the same package to test amounts of shared genetic drift between individual Northern Bornean populations, and neighboring and worldwide populations (Patterson et al., 2012; Raghavan et al., 2014; Reich et al., 2009) . The Mbuti was used as the outgroup population. This test would help to confirm formally the qualitative patterns observed via PCA and ADMIXTURE analysis (Haak et al., 2015) .
iii) Phylogenetic relationships
Allele frequencies for each bi-allelic SNPs were calculated. The PHYLIP package (Felsenstein, 1989 ) was used to determine the phylogenetic relationships of the 89 worldwide populations. The allele frequencies of all SNPs were sampled with a total of 200 bootstrap replicates. The maximum likelihood tree was then calculated with CONTML, with "global rearrangement" and "randomize input order of species" turned on. The consensus phylogenetic tree was then drawn with MEGA ver. 5.2 (Tamura, Dudley, Nei, & Kumar, 2007) .
iv) Genetic heterozygosity and differentiation
To calculate genetic heterozygosity for each population, the command "-het" in PLINK was executed to obtain the number of nonmissing genotypes (N.NM) and the observed number of homozygous (O.HOM) sites. The observed heterozygosity (H o ) of each individual was then determined with the formula H o = (N.NM -O.HOM)/N.NM. The average H o for each population was subsequently calculated. Additionally, calculation of genetic differentiation, F ST (Cavalli-Sforza, Menozzi, & Piazza, 1994) , was performed using the program SmartPCA, with the 'FST only' parameter enabled.
RESULTS
Genetic structure among Northern Borneans
The first principal component resolved the five ethnic groups of northern Borneo into three genetic clusters with the following compositions: Muruts only, Dusun-Rungus, and Sonsogon-Sungai ( Figure S1 ). The second principal component separated each individual by their ethnicity, albeit with minor overlap. Subsequent assignment of genetic components with ADMIXTURE identified only one genetic component among Northern Borneans.
Genetic structure relative to worldwide and regional populations
The PCA results for the 89 worldwide populations clustered the Northern Borneans together with populations from Asia ( Figure S2 ), and they showed no overlap with the AustroMelanesians. According to the PCA of the 57 regional populations (with Austro-Melanesians excluded) from Northeast Asia and Southeast Asia, the Northern Borneans formed their own genetic cluster (Figure 2) . When only the Austronesians were analyzed, a unique genetic cluster among the Northern Borneans, excluding the Murut-Paluans, was observed ( Figure S3 ). Murut-Paluans clustered away from the general Northern Bornean cluster and were closest to the non-AustroMelanesian Filipinos, Taiwan natives, and some Indonesian ethnic groups (e.g., Mentawai and Toraja).
Additionally, analysis of genetic components among the 89 worldwide populations showed that the Northern Borneans carried the East Asian genetic component (dark greencolored) at K = 5 ( Figure S4 ). At K = 6, the Austronesians predominantly carried the blue-colored component. At K = 7 to K = 9, another component (red-colored) that was widespread among the southern Chinese minorities, mainland Southeast Asians, and Austronesians was observed. However, the proportion of this red-colored component among the Taiwan natives, Filipinos, and Northern Borneans was relatively F I G U R E 2 Principal component analysis of 57 regional populations from Northeast Asia to Southeast Asia. The Northern Borneans formed a unique genetic cluster and were observed to be closest to populations from Taiwan and islands in Southeast Asia [Colour figure can be viewed at wileyonlinelibrary.com] low. Further analyses at K = 10 and 11 revealed a light greencolored component that was mainly found among southern Chinese minorities and mainland Southeast Asians. Under these conditions, the dark green-colored component was commonly found among only Asians from Northeast Asia, such as Yakut, Mongols, Japanese, and northern Han Chinese. It was also nearly absent among the Austronesians.
At K = 12, the pink-colored component arose predominantly among the Austronesians. However, Northern Borneans (except for Murut-Paluans) retained most of their blue-colored genetic component, with only a small proportion of the pink-colored component ( Figure S4 ). In contrast, Murut-Paluans received approximately half of their genetic makeup from the pink-colored component. Notably, this bluecolored component was widespread among the populations from the islands of Southeast Asia and the Malays from peninsular Malaysia and Singapore but was almost absent from the majority of the populations from mainland Southeast Asia. The Northern Borneans exhibited no admixture with Austro-Melanesian populations, as they carried neither the bright-green nor light-purple component, which were prevalent among Austro-Melanesians from peninsular Malaysia and the islands of Southeast Asia, respectively. This observation was confirmed with the formal f 3 test (Table S2) .
When the 57 regional populations (from which nonAsians, Central and South Asians, and Austro-Melanesians were excluded) were analyzed, a finer population structure was revealed (Figure 3) . Generally, the population structure depicted at up to K = 12 among the 89 worldwide populations was similar to that for K = 6 in the 57 regional populations. From K = 7 to K = 10, two additional genetic components (beige-and pine green-colored components) were observed, but these components were restricted to southern Chinese minorities and mainland Southeast Asians. At K = 9, the Bidayuhs from Sarawak were observed to carry a unique genetic component (blue-colored). These components were present in negligible proportions in Northern Borneans. Additionally, Murut-Paluan was the only ethnic group that exhibited a high proportion of the pink-colored component, which was commonly found among Austronesians (Figure 3) .
The outgroup f 3 statistics confirmed the genetic structure of the Northern Borneans depicted by PCA and ADMIX-TURE analyses. In general, all Northern Borneans (in exception of Murut-Paluan) shared the most genetic drift among themselves, followed by the Taiwan natives, non-AustroMelanesian Filipinos and some Indonesian ethnic groups such as Dayak, Toraja, and Mentawai ( Figure S5 ). However, the Murut-Paluan ethnic group shares the most genetic drift with Ami (a Taiwan native group). Relatively, this test also revealed that the Northern Borneans shared intermediate amounts of genetic drift with the Daic-speaking groups in mainland Southeast Asia and south China such as Jiamao, Zhuang, and Tai-Khuen ( Figure S5 ).
Phylogenetic relationships
All East Asians and Southeast Asians were grouped under a common node in the phylogenetic tree for the 89 worldwide populations ( Figure S6 ). Populations from Northeast Asia, southern China, and mainland Southeast Asia were grouped into the same clade, whereas the Northern Borneans, Taiwan natives, non-Austro-Melanesian Filipinos, and some Indonesian ethnic groups, such as the Toraja, Mentawai, and Dayak groups, were placed in another clade. The Austro-Melanesians from Indonesia and the Philippines, but not those from peninsular Malaysia, were grouped into a subclade together with the Austronesians mentioned above. Intriguingly, the Bidayuhs from Sarawak were not grouped with the Northern Borneans and Dayak (Kalimantan), but with the Javanese and Temuan, who fell into the same clade as the mainland Southeast Asians.
Reduced genetic heterozygosity and increased F ST index
Northern Borneans exhibited lower genetic heterozygosity overall (0.3111-0.3161, Figure S7 ) than the other populations in Southeast Asia and southern China. Nevertheless, they were found to exhibit higher genetic heterozygosity than the Taiwan natives (0.3065-0.3097), Mentawai (0.3090), and Mlabri (0.2407). The population that exhibited the highest heterozygosity was the Malay-Kelantan population (0.3537). Additionally, the pairwise F ST values between Northern Borneans themselves were high (0.014-0.027, Table S3 ) compared with those among the populations within Northeast Asia (e.g., CHB, JPT, Mongols), for which the F ST values ranged from 0.001 to 0.005. Intriguingly, the Northern Bornean groups showed lower F ST values compared with Southeast Asians than between themselves (Table S3) .
DISCUSSION
The division of Northern Borneans into three genetic clusters indicated that the genetic structure among the five ethnic groups of Northern Borneans is not always correlated with linguistic groupings ( Figure S1 ). The clustering of Sonsogons (Dusunic) and Sungai-Lingkabaus (Paitanic) could be attributed to genetic admixture, as these groups reside close to each other. This was further confirmed by their high amounts of shared genetic drift ( Figure S5 ).
In comparison with other neighboring populations, the formation of a unique genetic cluster among the Northern Borneans indicated that they are distinct from other groups (Figure 2 ). These Northern Bornean populations are closely related to Austronesians, particularly those from Taiwan and the Philippines ( Figure S3 ). Intriguingly, they are not closely related to other Borneans [i.e., Bidayuh (Sarawak) and Dayak (East Kalimantan)]. This is subsequently confirmed by outgroup f 3 statistics ( Figure S5 ). In addition, the phylogenetic tree showed that the Northern Borneans share a most recent common ancestor with non-Austro-Melanesian Filipinos and Taiwan natives rather than other Borneans ( Figure S6 ). Similarly, the Dusun and Murut from Brunei were also reported to be closely related to Taiwan natives and non-AustroMelanesian Filipinos by Pagani et al. (2016) and Soares et al. (2016) . Notably, the topology of the phylogenetic tree in this study is similar to the PASNP's tree (The HUGO Pan-Asian SNP Consortium, 2009). Hence, the sharing of common node with the Taiwan natives and non-Austro-Melanesians suggests that the Northern Borneans are genetically related to dispersal of the Austronesians rather than to those from mainland Southeast Asia.
Generally, Austronesians (inclusive of all Northern Borneans) carry three major genetic components (the pink, dark blue, and red components in Figure 3 ). The pinkcolored component is widespread among all Austronesians. Individuals originating from Taiwan, the Philippines, and northern Borneo carry a higher proportion of the blue-colored component and a negligible proportion of the red-colored component, but the opposite was found for individuals from Indonesia, peninsular Malaysia, and mainland Southeast Asia. The red-colored component could be attributed to genetic admixture with Neolithic expansion from mainland Southeast Asia, as suggested by Lipson et al. (2014) and Hudjashov et al. (2017) , whereas the dark-blue component is restricted to populations from the islands of Southeast Asia. The Northern Borneans from Malaysian Sabah (except the Murut-Paluans) were found to carry the dark-blue genetic component at near-absolute proportions (Figure 3) . In contrast, a similar genetic component with similar proportions was not found in Dusun and Murut from Brunei. Their genetic structure resembled to Lebbo (Kalimantan) and Malay (Peninsular Malaysia) instead . This merits further analyses in the future. Hence, the additional genetic component found in this study provides new insights related to our current understanding of the genetic structure of pan-Asian populations.
A decreasing gradient of the dark-blue-colored component from Northern Borneans to other populations in Southeast Asia indicates genetic sharing among these populations (Figure 3) . However, the only statistically supported gene flow was from Northern Borneans to the Malays in Singapore (MAS), who are also Austronesians (Table S2 ). This finding supports a shared ancestry among Austronesians, in line with previous reports showing a distinctive genetic affinity among Austronesians and non-Austronesians from mainland Southeast Asia based on uniparental and autosomal genetic markers (He et al., 2012; Hudjashov et al., 2017; Peng et al., 2010; Stoneking & Delfin, 2010) . However, this does not explain the sharing of the dark-blue component in other Southern China minorities and Southeast Asians who are not Austronesians. It has been suggested that the proto-Austronesians were genetically related to Neolithic populations, plausibly the Daic-speaking group in southern China before they entered Taiwan approximately 6,000 years ago (Brandāo et al., 2016; Li et al., 2008a; Mirabal, Cadenas, Garcia-Bertrand, & Herrera, 2013) . By correlating the finding of the outgroup f 3 statistics ( Figure  S5 ), the dark-blue component of this study may refer to this common ancestry before the Austronesian expansion.
Interestingly, the other neighboring Borneans (i.e., the Bidayuhs from Sarawak and the Dayaks from East Kalimantan) do not share a similar genetic structure with the Northern Borneans. Instead, their genetic structure resembles that of the Malays and populations from the islands of Sumatra and Java (Figure 3 and Figure S3 ). Jinam et al. (2012a) inferred that the Bidayuh in Sarawak, which is located west of Sabah, may have originated from southern China based on their mitochondrial haplogroups. The Murut ethnic subgroups extend into the interior land of Sarawak and Kalimantan (King & King, 1984) Intriguingly, no trace of Negrito genetic components (bright-green and light-purple components) was found in any Bornean population (Northern Borneans, Bidayuhs, and Dayaks) in the present study ( Figure S4 and Table S2 ), even though it has been proposed that this island was initially been peopled by the former group based on archaeological findings from Balambangan Cave in Sabah and Niah Cave in Sarawak (Abdullah, 2005; Barker et al., 2007) . Coupled with the previous findings on Bidayuh, we suggest that there were possibly at least two waves of historical migrations of modern humans to Borneo Island after its initial peopling by AustraloMelanesians: one involving Austronesians and another from southern China or mainland Southeast Asia. As such, Borneo Island might have served as the crossroads for these two waves of human migration. Nevertheless, the extant populations of northern Borneo show no genetic admixture with either the Australo-Melanesians or people from the region of southern China/mainland Southeast Asia. Unfortunately, the reason for this remains elusive. As such, these findings suggest a unique genetic structure of Northern Borneans compared with their neighboring populations.
The low heterozygosity and high pairwise F ST values observed within Northern Borneans and between Northern Borneans and other populations indicate that the Northern Borneans might have experienced genetic drift in the past ( Figure S7 and Table S3 ). This was further confirmed with the outgroup f 3 statistics ( Figure S5 ). In particular, the Sonsogons, a minority ethnic group with a dwindling size of approximately 2,000-4,000 individuals, may have experienced greater drift than the other groups, which could be associated with their isolated residence, deep in the interior lands of the Northeast Sabah. Genetic drift might have contributed to the near-absolute proportion of the dark-blue component, which is a common genetic component among Taiwan natives and populations from the islands of Southeast Asia.
It is important to highlight that the genetic structure within these five ethnic groups represents the tip of the iceberg of the complete population structure of northern Borneo, as there are multiple ethno-linguistic groups, such as the Bajau, Sea Gypsies, Brunei, Suluk, Ida'an, Bugis, Banjar, Tidong, Lundayeh, whose genetic structure has yet to be characterized. These groups exhibit diverse historical or geographical links with the surrounding lands and archipelagos of Borneo Island, and such information will be invaluable for research on the history of human migration and genetic diseases in the islands of Southeast Asia.
CONCLUSION
This is the first report on the genetic relatedness of five indigenous ethnic groups from Sabah (northern Borneo) to neighboring populations from Southeast Asia based on genomewide high-density SNP data. The Northern Borneans form a unique genetic entity, and the data obtained in this study therefore contribute to filling the current void regarding information on populations from this region, which may have served as a viaduct for human migration events onto or off of Borneo Island. Notably, the Northern Borneans are not admixed with the Austro-Melanesians, who once populated this region, and they could have experienced strong genetic drift in the past, rendering them distinctive from other populations. Overall, the Northern Borneans are closely related to Taiwan natives and non-Austro-Melansian Filipinos, rather than populations from other parts of Borneo Island.
